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Interest in the use of heat pipes in solar applications is increasing due to their role in 
improving the heat transfer performance of solar collectors. In order to effectively 
utilise heat pipes, their performance under various operating conditions and 
inclination angles need to be investigated. In this work, numerical and experimental 
studies were carried out to investigate the effects of heat input and inclination angle 
on the wall temperature distributions and thermal resistance of thermosyphon heat 
pipe. A Computational Fluid Dynamics (CFD) model was developed using ANSYS 
Fluent to simulate the flow and mass transfer using volume of fluid (VOF) approach 
together with user - defined function (UDF) to simulate the phase change processes 
at various inclination angles. Experiments were carried out to validate the CFD model 
at heat inputs of 81.69W and 101.55W with temperature distribution results showing 
good agreement of ±4.2% average deviation. Also the predicted thermal resistance at 
different inclination angles showed good agreement with the experimental ones with 
maximum deviation of ±5.7%. Results showed that as the heat input increases, the 
heat pipe wall temperature increases and the thermal resistance decreases. 
Experimental and numerical results showed that increasing the inclination angle will 
improve the thermosyphon heat pipe performance to reach its maximum value at 
90o, but this effect decreases as the heat input increases. 
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1. Introduction 
 
Heat pipe is an effective heat transfer device involving simultaneous evaporation and 
condensation processes. It consists of evaporator and condenser sections with or without adiabatic 
section in between them. Heat is supplied to the evaporator section where the working fluid 
evaporates and flows to the condenser section where it condenses to liquid using cooling medium. 
The condensate returns to the evaporator by capillary effects in case of wicked heat pipe and by 
gravity in case of wickless heat pipe (thermosyphon).  
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Heat pipes have many advantages including high heat conduction, light weight, efficient heat 
transfer and design flexibility. Due to these advantages, the technology has undergone rapid 
development in the past decades [1] leading to their applications in spacecraft thermal control [2], 
heat exchangers [3] and solar energy systems [4, 5]. 
Thermosyphon heat pipes are highly durable and cost effective which make them suitable for 
various applications such as solar heating of buildings [6] and cooling of turbine blades, 
transformers, electronics, internal combustion engines and nuclear reactors [7, 8]. This is due to 
their ability to dissipate and transfer large amount of energy from small area without any significant 
loss. Some applications of thermosyphon require that the pipe be inclined to an angle from the 
horizontal [4, 6, 9, 10]. 
There are many numerical models developed to simulate the performance of thermosyphon 
under various operating conditions, Experimental and CFD modelling of flow and heat transfer in 
thermosyphon using volume of fluid (VOF) approach was presented by Asghar et al., [11]. The 
effects of heat inputs and fill ratio on the performance of the heat pipe were investigated using 
1000mm long pipe. Results showed that the performance of the thermosyphon increases with the 
increase in heat input between 350W and 500W, but it decreases when the heat input is above 
500W. Also for the fill ratios tested; 0.3, 0.5 and 0.8, the best performance was found at the fill 
ratio of 0.5. A two- phase model for the flow and heat transfer in a thermosyphon was developed 
by Asmaie et al., [12] by using de – ionized water and mixture of copper(II)oxide with water as 
working fluid. Temperature distributions on the wall and the heat transfer coefficients of both the 
evaporator and condenser were predicted. The CFD results were validated with the experimental 
results reported by Liu et al., [13] and were in good agreement especially at the adiabatic and 
condenser sections. The effects of working fluid type, concentration of nanofluid and inlet heat flux 
were investigated and results reported showed that the wall temperature of the pipe decreases 
with increase of the concentration of nanofluid. Also the maximum heat flux of the nanofluid was 
found to be 46% higher than that of the water.    
A three – dimensional CFD model to simulate the flow boiling process of hydrocarbon feedstock 
heat exchanger of a steam cracker was developed by De Schepper et al., [14]. VOF together with 
user defined function (UDF) were used in modelling the convection section of the cracker. Also the 
authors proposed correlations for the interphase mass source term used in the governing equations 
for simulating the evaporation and boiling phenomena in the cracking furnace. CFD model using 
VOF together with UDF was built to simulate the flow and heat transfer in a two – phase closed 
thermosyphon by Fadhl et al., [15]. The temperature profiles obtained from the simulation was in 
agreement with the experiment at high heat input ranging from 275.6 to 376.14W. But there is 
large deviation between the experimental thermal resistances and the simulation especially at the 
low heat inputs around 60% at 100.41W. It can be seen that all the reported CFD simulation of 
thermosyphon heat pipes were carried out with the pipe in vertical orientation, hence none of 
them consider the situation when it is inclined. 
Also ANSYS software has largely been used in simulating heat transfer processes in different 
channels such as in turbulent circular pipe [16], circular channel with constant heat flux [17] and in 
rectangular microchannel heat sink [18]. 
However, considerable experimental research works were published on the investigation of the 
effects of parameters like the geometry, working fluid, fill factor and inclination on the 
thermosyphon heat pipe performance [19-23]. Regarding the effect of inclination angle on heat 
pipe performance, conflicting results were reported like angles between 15
o
 and 60
o
 [22], between 
40
o
 and 45
o
 [23] and 60
o
 [24] gave the best performance. Others reported higher angles like 90
o
 
[25] and 83
o
 [26] as the best performing angles while some reported that inclination angle has no 
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effect [27]. Various applications like solar systems require the use of heat pipes in inclined positions 
from the horizontal which makes the investigation of the inclination angle on heat pipe 
performance of paramount importance. With the contradictory experimental results in the 
literature and the lack of any numerical studies on the effect of inclination, this work aims to 
address these issues by developing a CFD model that takes into account the effect of inclination 
angles (10
o
 to 90
o
) and experimentally validated the modelling. Hence, this research closes the gap 
of the effects of the inclination angle of a thermosyphon on its performance and the thermal 
resistance. This will leads to the selection of best inclination angle for an improved performance of 
the system. 
 
2. Methodology  
 
Figure 1 shows the experimental test facility consisting of a two – phase closed thermosyphon 
heat pipe heated electrically at the evaporator section and water cooled at the condenser section. 
The thermosyphon used is a 400mm long, 22mm outer diameter, 0.9mm thick closed copper tube 
with water as the working fluid (0.65 fill ratio). It has 200mm long evaporator, 200mm long 
condenser and no adiabatic section. Uniformly wrapped electrical wire was used to heat the 
evaporator section using TSx1820P Programmable DC PSU 18V/20A power regulator with accuracy 
of ± (0.5% + 1 digit) for the current. The voltage was measured using a digital multimeter from 
Mastech (MAS 343) of 3 3/4 digital display and maximum accounts of 3999 (AC voltage 400V ± 
0.5%) which was connected close to the pipe to account for voltage drop. The evaporator section is 
insulated with 25mm thick pipe insulator to reduce the heat losses to the ambient. The condenser 
section was cooled using water jacket. The cooling water flow rate was controlled by a valve and 
measured using an Omega FLR1009ST-I flow meter (50 – 500 mL/min) with measurement 
uncertainty of ±2.09% of full scale.  
Six thermocouples were placed at different locations on the pipe; four and two on the 
evaporator and condenser sections respectively to measure the wall temperatures. Three 
thermocouples were used on the water jacket and one on the insulation surface to measure the 
effectiveness of the insulation. Two probe thermocouples were used to measure inlet and outlet 
temperatures of the cooling water in the condenser section. The readings were logged using Pico 
TC - 08 data loggers connected to a PC. 
Seven different heat inputs ranging from 20W to 110W were used with an average flow rate of 
0.00224 kg/s for the thermosyphon at the vertical position. The values of the heat inputs were 
obtained from optical simulations on different geometries of compound parabolic concentrators 
[28, 29]. 
The power input to the evaporator is calculated from the product of the current, I and voltage, 
V supplied thus 
 
VIQin =                                       (1) 
 
The effectiveness of the performance of thermosyphon is determined by its overall thermal 
resistance, thR  given by 
 
in
acae
th Q
TTR −=
                                     (2) 
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where aeT and acT  are the average temperatures on the evaporator and the condenser respectively 
and Qin is the heat supplied. 
The performance of the thermosyphon can also be evaluated in terms of the rate of heat 
transfer to the cooling water as [11] 
 
in
out Q
Q
=η
                          (3) 
 
The rate of heat transfer to the cooling water can be determined by 
 
( )inoutpout TTCmQ −=
.
                  (4) 
where 
.
m is the mass flow rate, kg/s and pC is the specific heat capacity of water, kJ/kg-K. While inT  
and outT  are the average inlet and outlet cooling water temperatures respectively. 
   
 
Fig. 1. Schematic diagram of the experimental test rig for thermosyphon characterization 
 
Figure 2 shows the performance of the thermosyphon aligned vertically at different heat inputs. 
It can be seen from such figure that the performance of the pipe increases as the heat inputs 
increases from 20 to 81.69W, but it tends to decrease as more heat is supplied showing the limit of 
this pipe has been reached under these operating conditions. At low heat input, the vapour 
generated from the evaporator section is small, so there will be significant dry areas in the 
condenser section; hence heat transfer is largely by free convection. As the heat is gradually 
increased, more vapours will rise to the condenser section, there will be high condensation rate on 
the condenser wall and the dominant heat transfer mechanism will be condensation. But at certain 
high heat input, thick layer of liquid can be formed on the wall of the pipe causing high thermal 
resistance and hence lower the heat transfer to the cooling water, hence reduction of performance. 
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Fig. 2.  Performance of thermosyphon aligned vertically 
at different heat inputs 
 
Figure 3 shows the evaporator and condenser wall temperatures respectively. It can be seen 
that the temperature distribution is almost uniform for each heat input and this is due to the 
constant temperature phase change process taking place in the evaporator section (Figure 3 (left)). 
But on the condenser section, there is rise in the temperature at the top of the condenser which is 
due to the rise of the saturated steam to the top of the tube and the formation of liquid film layer 
on the pipe wall.  The thickness of this layer increases downward hence creating more resistance at 
the lower tube part which reduces the wall temperature compared to the top section.  
It can also be deduced from the figures that there is gradual increase in the wall temperature as 
the heat input increases up to certain value when the performance limit of the pipe is reached. It 
can be seen that at the condenser section, the temperature of the 109W is higher than that of 
101W showing that less energy is transferred to the cooling water when the pipe reaches its 
operation limit as shown in Figure 2. 
 
  
Fig. 3 Experimental temperature distributions on the evaporator and condenser sections of the 
thermosyphon, (left) Evaporator section, (right) Condenser section 
 
 
Three different heat inputs; 31.18, 51.70 and 109.63W at constant average cooling water flow 
rate of 0.0021 kg/s were used in experimental investigation of the effects of inclining the 
thermosyphon heat pipe relative to the horizontal (10 to 90
o
). Figure 4 shows the variation of the 
performance of the thermosyphon with the inclination angles at different heat inputs. It can be 
deduced from the figure that the heat transfer to the cooling water increases with the increase in 
the inclination in all the cases making 90
o
 the best. But the effects is more pronounced at small 
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heat input giving enhancement from 10
o
 to 90
o
 of 17.8%, 13.9% and 3.4% for 31.18W, 51.7W and 
109W respectively. The effect of the inclination angles on the thermosyphon performance is caused 
by the gravitational force effects on the two-phase flow patterns, return of the condensate to the 
evaporator and the convective heat transfer coefficient. 
The results shown in Figure 4 indicate that the inclination angle has an effect on the 
performance of the thermosyphon heat pipe, but this effect decreases as the heat input increases. 
 
 
Fig. 4. Variation of the thermosyphon performance with 
inclination angle at different heat inputs 
3. CFD Modelling 
 
The aim of this section is to carry out a CFD analysis on the flow and heat transfer 
characteristics of a thermosyphon in both vertical and inclined orientations using VOF approach in 
ANSYSFLUENT 15.0. VOF is one of the models available in ANSYSFLUENT which is used for modelling 
two or more immiscible fluids by solving a single set of momentum equations and tracking the 
volume fraction of each fluid in the computational cell throughout the domain. 
The motion of the working fluid inside a thermosyphon is described by continuity, momentum 
and energy equations. The continuity equation of the VOF for the secondary phase (l) is  described 
as [30] 
 
( ) mllll Stu +∂∂−=



∇
→
ραρα.
                       (5) 
 
mS , is the source term, used in the calculation of the mass transfer during evaporation and 
condensation. But for the primary phase, the continuity equation can be solved based on the 
constraint below 
 
∑
=
=
n
l
l
1
1α
                          (6) 
 
The energy equation is shared among the primary and secondary phases and is expressed as [30]: 
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( ) ( ) ( ) Eeff STkpEvEt +∇∇=


 +∇+∂
∂ →
.. ρρ
                                   (7) 
 
ES , is the energy source term for calculating the heat transfer during evaporation and 
condensation. 
The momentum equation for the VOF can be written as [31] 
 ( )
vFgIvuvpvvt
v
++










 ∇−∇+∇∇+−∇=




∇+
∂
∂ →→→→ ρµµρρ .32.
                               (8) 
 
where 
 
vvll ραραρ +=                          (9) 
 
vvll kkk αα +=                                    (10) 
 
vvll µαµαµ +=                                    (11) 
 
vvll
vvvlll EEE
ραρα
ραρα
+
+
=
                                  (12) 
 
( )satlpl TTCE −= ,                                    (13) 
 
( )satvpv TTCE −= ,                                    (14) 
 
Fv  acts as the source term in the momentum equation given by [31] 
 
( )vl
llvvvvll
lvv
kk
F
ρρ
αρααρα
σ
+
∇+∇
=
5.0
                                             (15) 
 
where lvσ , is the surface tension between the liquid and the vapour and k is the surface curvature. 
A user-defined function (UDF) is used for calculating the mass and heat transfer between the liquid 
and vapour associated with the phase change processes. Both evaporation and condensation 
processes require two mass source terms for the liquid and vapour phases while heat transfer 
requires only one source term for the phases during evaporation and condensation. Mass and 
energy source terms in the continuity and energy equations respectively are defined in the UDF and 
linked to the FLUENT governing equations. Correlations proposed by De Schepper et al., [14] for 
source terms are used in this work to calculate the mass and energy transfer as shown in Table 1. 
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Table 1  
Correlations for mass and energy source terms [14] 
Energy Phase change Temperature State Correlation 
Mass                        Evaporation 
 
 
 
                                  
                                    
                                 Condensation 
Tm ˃ Tsat 
 
 
 
 
 
Tm ˂ Tsat 
Liquid 
 
 
Vapour 
 
 
Liquid 
 
 
Vapour 
sat
satm
llm T
TTS −−= αρ1.0
   
sat
satm
llm T
TTS −= αρ1.0
     
sat
msat
vvm T
TTS −= αρ1.0
    
sat
msat
vvm T
TTS −−= αρ1.0
  
Heat transfer 
                             Evaporation 
 
 
 
                             Condensation 
Tm ˃ Tsat 
 LHT
TTS
sat
satm
llE
−
−= αρ1.0
                          
Tm ˂ Tsat 
LH
T
TTS
sat
msat
vvE
−
= αρ1.0
                             
 
 
3.1 Model Description and Validation 
 
A 2D geometry of the 400mm long thermosyphon used in the experiment was developed in 
Gambit software to simulate the flow and heat transfer in the pipe using VOF approach. The 
simulation was carried out using COUPLED scheme for the pressure –velocity coupling, first order 
upwind for the momentum, volume fraction and energy while first order implicit is used for the 
transient formulation. The solution is considered to be converged when the residual scales of mass 
and velocity is below 10
-4
. The gravity was taken as 9.81 m/s
2
 in the y- axis for the vertical 
orientation cases. For the inclined heat pipe simulation, the gravitational force was determined on 
both x and y axes for each angle according to Figure 5 and the equations were updated in 
ANSYSFLUENT. 
 
 
Fig. 5. Forces on an inclined thermosyphon 
heat pipe 
 
Water-vapour and water-liquid are considered as primary and secondary phases respectively 
and phase interaction is defined in the surface tension force modelling using polynomial function of 
temperature (eq. 16) as derived using data from the steam table [15]. 
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275 103.210845.109805856.0 TxTxlv −− −−=σ                    (16) 
 
where lvσ , is the surface tension between the liquid and the vapour and T is the temperature 
shared by the phases. 
The boiling temperature of 373K was considered at which the phase change occurred. The 
latent heat of 2455 kJ/kg was used in the UDF and the saturation temperature was taken as the 
average of the evaporator and condenser temperatures for each case as obtained from the 
experiment. Calculations were carried out with the time step size of 0.0005sec and number of time 
step between 120,000 and 180,000 depending on when the solution reaches a steady state (usually 
between 60 and 90 seconds). 
Grid independence test was conducted by generating three different mesh sizes of 23,998, 
38,278 and 120,794 cells in Gambit software and their properties are shown in Table 2. 
Temperature distributions along the wall of the pipe were monitored and shown in Figure 6 to test 
the grid independence of the results. The results show almost the same temperature distributions 
along the wall of the pipe for the mesh sizes of 38,278 and 120,794 cells. To reduce the 
computational time, the mesh size of 38,278 Quad, Map cells was used in the simulation of this 
work. Figure 7 shows the vapour volume fraction in the evaporator section indicating gradual 
generation of bubbles at different computational time. The top section (red colour) shows the 
presence of only vapour with volume fraction of one. Below such region there is mixture of vapour 
and liquid with blue colour indicating the liquid which has vapour volume fraction of zero.  The 
liquid in the evaporator section is first heated and evaporation occurs when it reaches the boiling 
point leading to the bubbles generation which move to the condenser section. The vapour is 
condensed on the wall of the condenser due to the cooling applied to such wall and transport back 
to the evaporator section for the next cycle. 
The boiling temperature of 373K was considered at which the phase change occurred. The 
latent heat of 2455 kJ/kg was used in the UDF and the saturation temperature was taken as the 
average of the evaporator and condenser temperatures for each case as obtained from the 
experiment. Calculations were carried out with the time step size of 0.0005sec and number of time 
step between 120,000 and 180,000 depending on when the solution reaches a steady state (usually 
between 60 and 90 seconds). 
Grid independence test was conducted by generating three different mesh sizes of 23,998, 
38,278 and 120,794 cells in Gambit software and their properties are shown in Table 2. 
Temperature distributions along the wall of the pipe were monitored and shown in Figure 6 to test 
the grid independence of the results. The results show almost the same temperature distributions 
along the wall of the pipe for the mesh sizes of 38,278 and 120,794 cells. To reduce the 
computational time, the mesh size of 38,278 Quad, Map cells was used in the simulation of this 
work. Figure 7 shows the vapour volume fraction in the evaporator section indicating gradual 
generation of bubbles at different computational time. The top section (red colour) shows the 
presence of only vapour with volume fraction of one. Below such region there is mixture of vapour 
and liquid with blue colour indicating the liquid which has vapour volume fraction of zero.  The 
liquid in the evaporator section is first heated and evaporation occurs when it reaches the boiling 
point leading to the bubbles generation which move to the condenser section. The vapour is 
condensed on the wall of the condenser due to the cooling applied to such wall and transport back 
to the evaporator section for the next cycle. 
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Table 2  
Mesh information 
Mesh information Run 2 Run 7 Run 8 
Cells 23,988 38,278 120,794 
Faces 47,463 75,716 235,893 
Nodes 23,474 37,437 115,098 
Cell zone 4 4 4 
Face zone 14 14 14 
 
 
 
 
Fig. 6 Temperature distributions along the length of the 
thermosyphon for different mesh sizes 
 
 
 
Fig. 7. Contours of vapour volume fraction at different computational time 
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The simulation was carried out at five different values of heat inputs of 39.5, 60.2, 81.7, 101.5 
and 109.5 W applied to the evaporator section for the thermosyphon at the vertical position. While 
constant average heat inputs of 51.7W and 109.7W respectively were used for the inclination 
angles of 50
o
 to 90
o
. Convective thermal condition was applied to the condenser section by 
specifying the heat transfer coefficient, ch W/m
2
K of the cooling water according to the following 
equation 
 
( )cwcondcond
out
c TTDL
Qh
−
=
pi
                    (17) 
 
where D and condL  are the pipe diameter and condenser length respectively. condT  and cwT  are the 
average temperatures on the condenser wall and the cooling water respectively. All the parameters 
in equation 17 are obtained from the experiment and used to calculate the convective heat transfer 
coefficient for each case which is used in the ANSYSFLUENT as input. As part of the boundary 
conditions, the inner wall of the tube is considered as stationary and with no slip condition applied. 
The CFD predicted temperature distributions on the thermosyphon wall is compared with the 
experimental results for different heat inputs when the pipe is at vertical position (90
o
) as shown in 
Figures 8 (a and b). The figure shows good agreement between the simulation and the 
experimental results for the various heat inputs with maximum deviation of ±4.2%. Figure 9 shows 
the variation of the thermal resistances with the selected heat inputs for both CFD and experiment 
with deviation of ±5.8%. Figures 8 and 9 indicate the validity of the CFD modelling technique used 
in this work. 
Figures 10 (a and b) compare the predicted and measured temperature distributions for 
different inclination angles (50, 70 and 80
o
) and heat inputs of 51.7W and 109.7W with deviation 
ranging from ±1.2% to ±2.8%. Figure 11 compares the experimental and predicted thermal 
resistance at different inclination angles ranging from 50 to 90
o
 with heat input of 109.7W. It can be 
seen from such figure that the lowest thermal resistance was reached at the 80
o
 and 90
o
 inclination 
angles. 
 
 
  
Fig. 8. Comparison of the experimental and CFD results for different heat inputs at vertical orientation, (left) 
Temperature distributions at Q = 81.69W, (right) Temperature distributions at Q = 101.55W 
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Fig. 9. Comparison of the predicted overall thermal 
resistance with experiment 
 
 
  
Fig. 10. Comparison of temperature distributions between experimental and CFD at different inclination 
angles for two different heat inputs, (left) Temperature profile for Q = 51.7W, (right) Temperature profile for 
Q = 109.7W 
 
 
 
Fig. 11. Comparison of the overall thermal resistance 
between experimental and CFD results 
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4. Conclusion 
 
In the present work, a CFD model was developed to simulate the evaporation and condensation 
processes in thermosyphon in vertical and inclined positions using together with UDF subroutines. 
For the first time, the effect of the thermosyphon inclination angle was incorporated in the 
modelling of thermosyphon by resolving the gravitational force in x and y axes. Experiments were 
carried out for wide range of operating conditions to study the effects of the heat input and the 
inclination angle on the thermosyphon performance. The results of the experiments were 
compared with that of the simulation and good agreement was found on the temperature 
distributions along the axial length of the pipe and the thermal resistance.  Results of both CFD and 
experiments showed that as the heat inputs increases, the wall temperature on both evaporator 
and condenser section increase, while the thermal resistance decreases. The effect of the 
inclination angle was modelled and the predicted results were found to be in good agreement with 
the experimental ones. Experimental and numerical results showed that increasing the inclination 
angle will improve the thermosyphon heat pipe performance to reach its maximum value at 90o, 
but this effect decreases as the heat input increases.  This work highlights that the complex 
evaporation and condensation processes in the thermosyphon heat pipe were successfully 
modelled and can be used to enhance the performance of thermosyphon heat pipes. 
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